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Progress in the Development of an 88-mm Bore 
10 T Nb3Sn Dipole Magnet 
A. den Ouden, W .  A .J. Wessel, G. A. Kirby, T. Taylor, N. Siegel, and H. H .J. ten Kate 
Abstract- A 10 T, 2-layer cos(0)-dipole model magnet with 
an 88 mm clear bore utilizing an advanced Powder-in-Tube 
Nb3Sn conductor is being developed. A dedicated conductor 
development program has resulted in a well performing 
Rutherford cable containing strands that uniquely exhibit both 
an overall current density of 600 "mZ @ 11T and filaments 
with a diameter of 20 pn. The resistance between crossing 
strands amounts to 30-70 @2 by insertion of a stainless steel 
core. After being exposed to a transverse pressure of 200 MPa 
identical cables show negligible permanent degradation of the 
critical current. The mechanical support structure is further 
optimized in order to reduce the peak stress in the mid-plane to 
below 130MPa at full excitation and to control the pre-stress 
build-up during system assembly. Prior to the manufacturing of 
the final coils a dummy 2-layer pole is wound, heat-treated at 
675 OC and vacuum resin impregnated. This paper presents the 
current status of the magnet development program and 
highlights in particular the successful conductor development. 
Zndex Terms- Dipole magnet, superconductor, NbJSn 
I. INTRODUCTION 
s a possible upgrade of the scheduled low-field beam A separator magnets for the LHC, a 10 T model cos(6)- 
dipole magnet with an 88 mm clear bore utilizing a Powder- 
in-Tube (PIT) Nb3Sn conductor is being developed,. The 
preceding dipole magnet by the same collaboration, the 
successful 11 T MSUT, was primarily developed to explore 
the potential of Nb3Sn technology towards higher operating 
fields [l]. The current program, however, focuses on the 
development of a Nb3Sn accelerator magnet that really meets 
all required accelerator specifications with respect to a field 
amplitude of 10T (to be achieved without training), a 
multipole content in all operation modes below 
sufficient operating stability and proper quench protection in 
a self-absorbing mode [23. 
The main challenges to accomplish such a magnet are 
related to the conductor. An extensive development program 
is executed to obtain a well performing Rutherford type of 
cable using an adequate PIT-Nb3Sn conductor, that satisfies 
the demands stated in Table I in which the main features of 
the model magnet design are summarized. 
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TABLE 1 
DESIGN PARAMETERS OF THE 1 METER MODEL MAGNET 
nominal dipole field @ 4.4 K 10 T 
peak field at pole face 10.8 T 
nominal current 13 kA 
clear bore diameter 87.8 mm 
magnetic length 0.8 m 
strand diameter 0.9 mm 
required overall Jc strand @ 10.8 T 600 Nmm2 
required temperature margin @ 10.8 T > 1.0 K 
RRR after heat treatment >loo 
filament diameter -20 pm 
cable dimensions 16.40x1.79/1.47 mm 
stainless steel strip core dimensions 12.5x0.025 mm 
twist pitch 120 mm 
cable insulation folded glass/mica and glass fiber wrap 
insulation thickncss 0.14 mm 
end spacers machined bronze- 12 
copper fraction 45-55 8 
11. CONDUCTOR DEVELOPMENT 
A. Introduction 
By specifying the conductor, it is hard if not impossible to 
account for the quantitatively unknown degrading influence 
on the wire performance by the cabling process, the stresses 
imposed by the magnet design, the cable geometry and finally 
the expected radiation heat load on a beam separator magnet 
near the experiments in the LHC. To obtain a proper 
conductor, a full iterative process in which all magnet, cable 
and wire design parameters are variable would last too long 
and becomes rather expensive. Instead, we fixed the cable 
geometry by referring to an existing well performing 
Rutherford cable using a 192 filament Powder-in-Tube (PIT) 
conductor, originally developed in the framework of the 
MSUT dipole magnet program [3]. This cable exhibits all 
required properties except for the filament size (40 pm) and 
the interstrand resistance (1 @). The goal of the current 
conductor development is a next generation PIT-Nb3Sn 
conductor that uniquely satisfies all demands. No other Nb3Sn 
conductor presently available exhibits this combination of 
properties. All newly developed PIT-wires are manufactured 
by ShapeMetal Innovation (SMI) in the Netherlands. 
Table I1 summarizes the development steps 
chronologically. All listed cables are equipped with a 25 Fm 
stainless steel strip core to increase the interstrand resistance, 
which effectively suppresses cable coupling currents [4]. 
They all show sufficient critical current, but apart from the 
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TABLE I1 
CHRONOLOGICAL SUMMARY OF THE PIT-CONDUCTOR DEVELOPMENT 
PROGRAM 
PIT wire Jc n o n 0  Cable performance 
(9 10 T, 4.2 K 
1998 
ECN b i n a r s 2  2200 40 pm filaments 
SMI binary 504 (1)  2650 damaged filaments 
SMI binary 492 1890 I, too low 
1999 
SMI binary= 
SMI ternary 192 
SMI binary 504 (2) 
2700 damaged filaments 
3200 damaged filaments 
2200 OK 
SMI ternary 504 2800 OK 
last two cables in Table 11, the higher the J, the more 
vulnerable the internal structure becomes to processing these 
wires into this particular cable geometry. After cabling these 
strands show unsatisfactory shear fracture and disrupted 
filaments, which inevitably results in a significant I, 
degradation and contamination of the copper matrix due to Sn 
diffusion out of the damaged filaments. The corresponding 
low RRR of about 5 would complicate quench protection of 
large coils. It is remarkable that during I ,  measurements on 
these damaged extracted strands, the voltage develops across 
the damaged regions at the cable edges (the kinks) while the 
straight sections in between show no sign of voltage build-up. 
Note the J ,  of the ternary PIT-192 wire, which corresponds 
to a non-Cu J ,  of 2200 N m 2 @  12T.  Also this wire, 
however, shows internal damage after cabling. It must be 
emphasized that I, degradation after cabling is not a particular 
vulnerability of these well performing PIT-wires. It purely 
results from our approach to force these wires into a pre- 
described cable geometry that apparently does not match with 
the mechanical properties of the wires. 
An important breakthrough has been achieved recently 
with the manufacturing of the binary and ternary 0.9 mm PIT- 
Nb3Sn wires with an improved filament layout, containing 
504 filaments with a diameter of about 20 pm. A successful 
combination of wire layout and cabling process has resulted 
in a cable that meets all demands. Especially the adaptation of 
the filament structure and the constituents of the powder core 
contribute most to the improved performance after cabling. 
B. Critical Currents 
Fig. 1 shows the critical currents at the self-field corrected 
applied magnetic fields of the latest successfully processed 
PIT-504 wires, measured at 4.2 K on a TiAlV sample holder, 
using an I, criterion of Vim. For both types of wire, the 
I ,  degradation after cabling amounts to an acceptable 5-7 %, 
mainly caused by local reduction of the effective filament 
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Fig. 1. Critical current at 4.2 K of binary and temary PIT-Nb3Sn conductors 
as a function of the self-field corrected applied magnetic field of both virgin 
wires and extracted strands. Also shown is the predicted critical current of 
the binary extracted strand at 5.7 K. 
area at the cable edges. The absence of filament damage is 
also reflected by the n-values at 11 T: 45-50 for the virgin 
wires and 35-40 for the extracted strands. Though the internal 
structure of the binary and ternary wires is identical, the 
ternary version shows an unprecedented high non-Cu J ,  of 
1900 Nmm2 @ 12 T, even after a non-optimized heat 
treatment of only 45 hours at 675 'C. By applying a correct 
scaling for I , (B ,T ,&)  [5], the critical current at higher 
temperatures in an assumed identical strained state can be 
predicted accurately from the measurements at 4.2 K. This is 
also shown in Fig. 1 for the extracted binary strand data, 
indicating a temperature margin at full magnet excitation of 
1.5 K. 
C. Magnetization 
Not only quantitative knowledge about the critical currents 
but also about the magnetization is of key importance. For a 
PIT conductor with its ring shaped Nb3Sn area inside the Nb 
tubes, the magnetic moment mfl of a sample with length 1 can 
be described by: 
1 
6 
mfi = - J c s c d ? " n  l ( l - p 3 ) ,  
or alternatively in terms of I ,  
21,. (1-p3) 
mF = --dfo 1 ~, 
3 7r (1 -p2)  
in which dfi and dfo are respectively the inner and outer 
diameter of the Nb3Sn area, n the number of filaments and 
(3) d, 
d ,'U 
p = - .  
J,,Tc refers to the actual current density in the Nb3Sn region, in 
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Fig. 2. Partial view of the magnetization (magnetic moment per volume of 
wire) versus applied field of both a binary and a temary 0.9 mm PIT-504 
wire. The field is swept with a rate of 10 mT/s. Also shown are the Kramer- 
down-extrapolated IC values for both wires. 
contrast to the more generally but wrongly used non-Cu J,. 
With a superconducting integrating magnetometer the 
magnetization (magnetic moment per wire volume) of the 
latest PIT-504 wires from Table I1 has been measured. The 
results are depicted in Fig. 2. As predicted by down- 
extrapolated I ,  values in the same figure, the curves nearly 
coincide. This implicates that the ratio between high-field 
critical current and low-field magnetization is much more 
favorable for the ternary wire. By fitting equations (1)-(3) to 
the measured data, we obtain values for the inner and outer 
diameter of the Nb,Sn region. J,,, is obtained by Kramer- 
down-extrapolating till 1 T of the high-field I,. values (see 
Fig. 2). For both wires, values of (lo& 1) and (20 f 1) pm for 
respectively dfi and d8, are found, which agree very well with 
the SEM photographs of reacted filaments. This is a strong 
indication that the filaments are nicely de-coupled without 
significant bridging. 
In the description above it does not make sense to compare 
the magnetic moment of a PIT conductor to a fictive Nb3Sn 
conductor containing the same number of solid filaments with 
a so-called ‘effective filament diameter’. In this case this 
would result in an ‘effective filament diameter’ that exceeds 
the geometrical size of the Nb tubes on one hand and to an 
unrealistically low J,,,, on the other hand. In the design phase 
of a magnet only the magnetization at a certain field and a 
certain wire diameter is of interest, not the meaningless 
concept of effective filament size. 
111. MECHANICAL DESIGN 
The mechanical support structure has been further 
optimized performing a 2D-FEM analysis, mainly to limit the 
maximum transverse stresses to 130 MPa and the maximum 
shear stresses to 30 MPa. The resulting structure is depicted 
schematically in Fig. 3. 
To obtain a higher bending stiffness, stainless steel instead 
of aluminum collars are incorporated. Pre-stress build-up 
during collar assembly necessitates shimming at the common 
pole face for inner and outer layer in the straight section of 
the coils, while in the coil ends mid-plane shims must be 
incorporated. The pole nose of the collars is partially cut 
away in the vertical symmetry plane to allow bending of this 
part during cool-down to 4.2 K, which limits the transverse 
stress in the inner layer to an acceptable level well below 
130 MPa. 
A typical property of Nb3Sn coils is, that after the heat 
treatment at 675 OC all metal coil components show plastic 
behavior at very low stresses, resulting in significant plastic 
deformation [6]. A constant Young’s modulus of the coil 
package of about 30-35 GPa prior to collaring is only 
obtained after stressing the impregnated coils tangentially to 
about 120 MPa, resulting in a plastic tangential deformation 
of about 0.3 mm per quadrant. Therefore, the shape of the 
coils after resin impregnation should allow for this plastic 
deformation step. 
The outer face of the collars must interfere with the inner 
face of the yoke halves along the entire circumference. Its 
contour is slightly elliptical to ensure a constant sextupole 
field-component at all excitation currents. Fortunately this 
shape increases the bending stiffness of the collared coils. 
In order to relax manufacturing and assembly tolerances, 
the vertical gap between the yoke parts remains open at all 
stages. This permanent gap hardly influences the field quality. 
The outer shell consists of two 16 mm thick stainless steel 
halve cylindrical plates. The required pre-stress from the 
outer shell builds up during the welding process. 
I - - 0 o - I  
Fig. 3.  Cross section of the coils and the support structure. All dimensions 
are in millimeters. 
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Iv. COIL MANUFACTUR~NG 
The conductors are insulated with a folded sheet of 
glasdmica and a wrapping of cleaned S2-glass fiber tape. The 
machined end spacers are made out of bronze-12, which 
contains no Zn and Pb and therefore has an extremely low 
out-gassing pressure during the heat treatment in vacuum. 
Even without covering the spacers with a rigid insulating 
layer like plasma-sprayed alumina, the process of winding, 
pressing and heat treating the coils does not introduce any 
electrical shorts. 
A dummy Nb3Sn inner layer was wound and heat-treated. 
Though the end-spacers fit perfectly during winding, gaps 
between the turns and the outer face of the spacers appear 
after the heat treatment (Fig. 4). The whole coil structure 
expands axially by 1 % as a result of the expansion of the Nb 
tubes due to the Nb3Sn formation on one hand and a 
mismatch between the thermal contraction of the coils and the 
winding mandrel during cool-down to room temperature on 
the other. Nb3Sn conductors that contain bronze after the heat 
treatment contract more than the PIT conductor with its pure 
copper matrix and show generally less gap formation after the 
heat treatment. 
Also a dummy NbTi outer layer was wound and heat- 
treated following the same procedures. Both layers are 
stacked and internally connected by soldering. Protection 
heaters are embedded in the insulation sheet between the 
layers, which increases their effectiveness to both layers. The 
assembled pole will be covered by its mass insulation and 
finally vacuum resin impregnated soon. 
After impregnation, voltage taps, thermometers and spot 
heaters are mounted to the windings. Finally, capacitive stress 
transducers at the pole faces and in the 0.5 mm mid-plane gap 
are key elements to ensure proper pre-stress build-up during 
system assembly [7]. 
Assembly of the collars, yoke and outer shell will be 
carried out according to the same procedures that were 
successfully applied to the large bore dipole magnet FRESCA 
P I .  
Fig. 4. Photograph of the symmetric coil-end after the heat treatment. Note 
the gaps between the spacers and the windings as a result of the different 
thermal contraction between the reacted wires and the winding mandrel 
during cool-down from 675 ‘C to room temoerature. 
V. CONCLUSIONS 
A wide bore, 10 T Nb3Sn model dipole magnet is being 
developed and manufactured. A dedicated conductor 
development program has successfully resulted in the 
manufacturing of both binary and ternary Powder-in-Tube- 
Nb3Sn based Rutherford cables. Both cables satisfy all 
specifications for accelerator operation. At the moment, the 
combination of a high non-Cu J, beyond 2600 A/mm2 @ 10 T 
and filaments with a size in the order of 20 pm in cabled 
Nb3Sn wires is unique. Further reduction of the filament size 
is envisaged in the near future. 
The ternary version of strands, extracted from the cable, 
exhibit a non-Cu J,. of 1900 A/mm2 @ 12 T, 4.2 K. This wire 
appears to be a good candidate for future high-field, small 
bore accelerator magnets. Again, this program shows that 
PIT-Nb3Sn wires are suitable for being processed into highly 
compacted cables. 
The mechanical support system is further optimized to 
reduce the stresses to acceptable values, leaving room to 
unknown but stress increasing friction and tolerances in 
material properties and component manufacturing. Structural 
components are designed and will be manufactured soon. 
A dummy pole was wound, heat-treated, assembled and is 
ready for resin impregnation. Winding of the final Nb3Sn 
coils starts next year. First magnet excitation is foreseen for 
the end of 2001. 
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